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A B S T R A C T
Previously, an Al0.52In0.48P p
+-i-n+ spectroscopic photon counting X-ray photodiode with 2 μm thick i layer
(200 μm diameter) was shown to suffer from energy-dependent incomplete charge collection noise (Lioliou et
al., 2019). Subsequent measurements on a larger (400 μm diameter) Al0.52In0.48P p
+-i-n+ photodiode (reported
here) revealed the presence of even greater incomplete charge collection noise. Given these findings, an
expectation would have been that thicker Al0.52In0.48P structures (which would be required for efficient
absorption of all but the softest X-rays) would have a greater incomplete charge collection noise contribution,
thus suggesting that thick Al0.52In0.48P photodiodes may be of limited practicality as high performance detectors
for photon counting X-ray spectroscopy. However, two new Al0.52In0.48P p
+-i-n+ photodiodes (with 6 μm i layers)
were fabricated from material grown by the same technique (metalorganic vapour phase epitaxy) in the same
reactor, and are now shown here to exhibit no signs of detectable incomplete charge collection noise under the
illumination of X-ray photons of energy 4.95 keV to 21.17 keV. As such, now that greater experience has been
built with Al0.52In0.48P, concerns about incomplete charge collection noise in X-ray detectors made from the
material appear to have been unwarranted; the path towards thick Al0.52In0.48P X-ray detectors is now clear.
Al0.52In0.48P has been proposed recently as a detector material for
X-ray photon counting spectroscopy at high (>20 ◦C) temperatures [1–
5]. X-ray photodiodes made from the material have been shown to
have low leakage current densities even at thermal extremes (e.g. <0.6
nA/cm2 at an applied electric field of 75 kV/cm at 100 ◦C [3]). This
key attribute of Al0.52In0.48P, which arises in part from its wide bandgap
(2.31 eV at room temperature [6]), is necessary for the development
of high temperature tolerant X-ray spectrometers which are required
for future use in space and terrestrial applications. Although 4H–SiC
X-ray detectors have been shown to have excellent high temperature
performance [7,8], the larger X-ray linear absorption coefficient of
Al0.52In0.48P (1324 cm
−1 at 5.9 keV; 12 cm−1 at 59.5 keV [9]) compared
with that of 4H–SiC (355 cm−1 and 0.3 cm−1, at the same energies [9])
provides the opportunity for Al0.52In0.48P X-ray detectors to be ∼4 and
∼40 times thinner than SiC detectors whilst maintaining the same
detection efficiency [10]. Furthermore, the lower average electron–hole
pair creation energy of Al0.52In0.48P (5.34 eV at 20
◦C [11] cf. 7.8
eV for 4H–SiC [12]) suggests that better Fano-limited energy resolu-
tions [10,13] may be achievable in future, even given the likelihood
that Al0.52In0.48P has a slightly larger (worse) Fano factor [14] than
4H–SiC (0.10 [8]) since it is a ternary material.
However, shortly after its debut as a material for X-ray detection [1,
2], Al0.52In0.48P was reported to exhibit incomplete charge collection
noise; a 200 μm diameter circular mesa Al0.52In0.48P X-ray photodiode
was found to give rise to 36 e− rms incomplete charge collection noise
∗ Corresponding author.
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at 21.17 keV [4]. Incomplete charge collection noise [15–17] arises due
to crystal imperfections (impurity atoms, vacancies, dislocations) which
can act as trapping or recombination centres, resulting in the loss of
generated carriers from the radiation detected. Any such incomplete
charge collection degrades the energy resolution of a spectrometer
employing a detector which suffers from such effects. The noise con-
tribution from incomplete charge collection is expected to result in
a non-symmetric photopeak since it is a non-Gaussian noise source,
but when it is relatively small compared with other noise sources
contributing to the achieved energy resolution of the spectrometer, it
is expedient to approximate its contribution to be Gaussian [18]. Thus,
this gives rise to the semi-empirical formula for the energy resolution
(full width at half maximum, FWHM) of a photon counting X-ray
spectrometer that suffers from incomplete charge collection noise,
���� [eV] = 2.355
√
��� +
(
�
2.355
)2
+ ���, (1)
where the first term under the square root is the Fano noise (F is the
Fano factor, E is the incident X-ray energy, � is the electron-hole pair
creation energy), A is the electronic noise, and the third term is the
incomplete charge collection noise from the detector, with a and b
being semi-empirical constants determined by best-fitting [19]. Assum-
ing a Fano factor of 0.13 (i.e. equal to that of another wide bandgap
semiconductor, In0.5Ga0.5P [20], since no measurement of the Fano
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Fig. 1. (a) Mn spectrum along with the fitted Gaussians (red dashed lines), at K� and
K� lines, and (b) measured FWHM (open circles) of the primary X-ray fluorescence
peak of eight different calibration foils along with the predicted FWHM (dotted line)
from Eq. (1), the calculated Fano noise (long dash double dotted line), and the derived
electronic noise (dashed line) and incomplete charge collection noise (solid line), of
the 400 μm diameter Al0.52In0.48P photodiode (2 μm i layer) based X-ray spectrometer.
factor in Al0.52In0.48P has been reported yet), and given Al0.52In0.48P’s
X-ray photon initiated electron hole pair creation energy of 5.31 eV at
30 ◦C [11], the expected Fano noise of Al0.52In0.48P was calculated to
increase from 138 eV at 4.95 keV to 285 eV at 21.17 keV.
Measurements subsequent to those of Ref. [4] using a larger (400 μm
diameter) photodiode fabricated from the same 2 μm i layer wafer
revealed the presence of an even more significant, non-Gaussian, con-
tribution of incomplete charge collection noise than was presented in
Ref. [4]; an example X-ray fluorescence spectrum, of an Mn calibration
foil, can be seen in Fig. 1(a). Gaussians were fitted to the right-hand
side of the primary peaks of the accumulated spectra, i.e. excluding
part of the contribution of the incomplete charge collection noise. The
measured FWHM as a function of energy, the calculated Fano noise, and
the extracted electronic noise and incomplete charge collection noise
from fitting of Eq. (1) to the measured FWHM, can be seen in Fig. 1(b).
The presence of 750 eV (60 e− rms) at 21.17 keV incomplete charge
collection noise was suggested, excluding the left-hand side broadening
of the photopeaks.
Whilst incomplete charge collection noise is a relatively common
feature of many wide bandgap compound semiconductor detectors
(e.g. CdZnTe [21], TlBr [22], and semi-insulating 4H–SiC [23]), it can
be difficult to eliminate and thus its detection can discourage adoption
of detectors made from the material, particularly when other competing
detector media have shown negligible incomplete charge collection
noise (e.g. epitaxial 4H–SiC [23] and InGaP [20]).
Following the detection of significant incomplete charge collection
noise in early Al0.52In0.48P X-ray detectors ([4] and Fig. 1), as part
of efforts to better understand the noise mechanisms, a new epitaxial
Al0.52In0.48P p
+-i-n+ structure was grown by metalorganic vapour phase
epitaxy on a n+ GaAs substrate. The structure had a thicker (3×,
i.e. 6 μm) i layer than the thickest Al0.52In0.48P X-ray photodiodes
reported previously [4]. The epitaxial p+ (5 × 1017 cm−3) and n+ (2
× 1018 cm−3) layers had thicknesses of 0.2 μm and 0.1 μm, respec-
tively. A 0.01 μm thick p+ GaAs (1 × 1019 cm−3) cap was grown
atop the Al0.52In0.48P p
+ layer to facilitate adhesion of a top quasi-
annular Ohmic contact (20 nm of Ti and 200 nm of Au). An n side
planar contact, 20 nm of InGe and 200 nm of Au, was formed on
reverse of the substrate. Mesa photodiodes of two different diameters
(217 μm and 409 μm) were fabricated from the material by wet chem-
ical etching: 1:1:1 K2Cr2O7:HBr:CH3COOH followed by 10 s in 1:8:80
H2SO4:H2O2:H2O.
The doping density of the epitaxial i layer was determined by
measurements of the devices’ capacitances as functions of applied
reverse bias to be 1015 cm−3 at 33 ◦C; at 100 V applied reverse bias,
the capacitances of the devices were 0.65 pF ± 0.07 pF and 2.48
pF ± 0.09 pF, respectively. The corresponding depletion widths were
5.7 μm ± 0.9 μm and 5.3 μm ± 0.8 μm. Measurements of the devices’
leakage currents as functions of reverse bias were also made at the
same temperature; both devices had leakage currents <5.5 pA ± 0.4 pA
at 100 V applied reverse bias (167 kV/cm corresponding electric field
strength).
The presence of incomplete charge collection noise was then exam-
ined by investigating the X-ray spectroscopic response of the X-ray spec-
trometer employing the new Al0.52In0.48P X-ray detectors. The detectors
were each, in turn, connected to a custom-made low-noise feedback
resistorless charge-sensitive preamplifier (similar to Ref. [24]). X-rays
from a Mo target X-ray tube were collimated before impinging on
nine different high-purity (≥98.7%) metal foils (V, Cr, Mn, Cu, Zn,
Au, Ge, Nb, and Pd), each in turn, producing X-ray fluorescence. The
fluorescence X-rays then illuminated the Al0.52In0.48P devices through
a 4 μm thick Al X-ray window which provided complete rejection of
visible light. The output of the preamplifier was connected to an ORTEC
572A shaping amplifier, the output of which was connected to an OR-
TEC EASY-MCA 8k multi-channel analyser (MCA). X-ray fluorescence
spectra of foils were accumulated; the detectors were reverse biased
at 100 V, thus proving full depletion. The optimum available shaping
times, 2 μs and 3 μs, were used for the 217 μm and 409 μm diameter
photodiode based spectrometers, respectively.
A non-linear X-ray energy (charge output) response of an X-ray
spectrometer is one typical indication of incomplete charge collection
within the X-ray detector [25], but a linear response is not in itself
conclusive evidence of complete charge collection. Indeed, it was the
case that the charge output of the X-ray spectrometer employing the
2 μm think i layer Al0.52In0.48P p
+-i-n+ photodiode, which exhibited
incomplete charge collection noise, had a linear relationship with
incident photon energy [4]. Nevertheless, such an investigation is a
common diagnostic tool for incomplete charge collection noise when
it returns a positive result. As such, the X-ray energy (charge output)
response of the Al0.52In0.48P detector based spectrometers was inves-
tigated by recording the positions of the primary X-ray fluorescence
peak (centroid channel number) in each of the accumulated X-ray
fluorescence spectra, and plotting those positions as functions of the
corresponding X-ray photopeak energy. This can be seen in Fig. 2, along
with the lines of best fit as calculated using linear least squares fitting.
The error bars associated with the fitting (±3 channels and ±2 channels
for the 217 μm and 409 μm diameter photodiode based spectrometer,
respectively) were smaller than the analytical uncertainty associated
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Fig. 2. The X-ray energy (charge output) response of the 217 μm (× symbols) and
409 μm (circles) diameter photodiode based X-ray spectrometer over the X-ray photon
energy range 4.49 keV–21.17 keV. The lines of best fit, for the positions of the primary
X-ray fluorescence peak (in terms of centroid MCA channel number) of the obtained
X-ray fluorescence spectra, Y, as functions of their corresponding X-ray photon energy,
E, were calculated using linear least squares fitting.
with the determination of the centroid of each peak. Thus, the X-
ray spectrometers’ energy responses were linear over the investigated
X-ray photon energy range within the associated uncertainties; the
presence of incomplete charge collection noise was not detected via
this technique.
Given that incomplete charge collection noise is a photon energy
dependent phenomenon, the different noise contributions to the en-
ergy resolutions of the Al0.52In0.48P photodiode X-ray spectrometers
were then investigated as functions of energy. The MCA’s charge scale
for each of the accumulated X-ray fluorescence spectra was energy
calibrated using the corresponding relationship presented in Fig. 2.
Gaussians were fitted to the primary X-ray photopeak in each spec-
trum taking into account the appropriate emission ratios [26] and
the relative quantum detection efficiencies of the detectors at the
corresponding X-ray energies when more than one X-ray line was
encompassed in a single photopeak. The FWHM of the primary X-ray
fluorescence peak for each foil as detected using the 217 μm and 409 μm
diameter photodiode based X-ray spectrometers was measured, and all
are presented in Fig. 3. The achieved energy resolutions (FWHM) of
the 217 μm and 409 μm diameter photodiode based X-ray spectrometers
over the energy range 4.49 keV–21.17 keV ranged from 0.81 keV ±
0.04 keV to 0.88 keV ± 0.04 keV and from 0.94 keV ± 0.08 keV to
1.04 keV ± 0.08 keV, respectively. The stated uncertainties (shown as
the error bars in Fig. 3) reflected the uncertainties in the Gaussians
fitted to the photopeaks, and the uncertainties in the measurements.
Initially, as a working hypothesis, the incomplete charge collection
noise in the detectors was considered to be negligible. The calculated
Fano noise can be seen in Fig. 3. The electronic noise of the 217 μm
and 409 μm Al0.52In0.48P photodiode based X-ray spectrometers was then
extracted from fitting of Eq. (1) to the measured FWHM ; the results
were found to be 0.83 keV and 0.96 keV, respectively. The predicted
FWHM, Eq. (1), of the spectrometers as a function of X-ray photon
energy can be seen in Fig. 3. The predicted FWHM of both X-ray
spectrometers were in good agreement (within uncertainties) with the
measured FWHM, across the energy range from 4.95 keV to 21.17 keV,
therefore, the results suggested the absence of detectable incomplete
charge collection noise when the photodiodes were operated at 100 V
reverse bias.
The smallest detectable amount of incomplete charge collection
noise being present at each spectrometer, given the predicted FWHM as
a function of energy and the uncertainties associated with the measured
FWHM for each spectrometer, was calculated. This lower limit of
detectable incomplete charge collection noise was found to be 26 e−
rms and 40 e− rms for the 6 μm i layer 217 μm diameter and 409 μm
diameter photodiode based X-ray spectrometers, respectively, at the
highest investigated X-ray energy, 21.17 keV, at which the incomplete
Fig. 3. Measured FWHM (open circles) of the primary X-ray fluorescence peak of
eight different metal foils with the 217 μm diameter and 409 μm diameter photodiode
based X-ray spectrometer. The calculated Fano noise (long dash double dotted line),
the derived electronic noise (dashed line), and the predicted FWHM (round dotted line)
from Eq. (1), are also shown. The Au photopeaks were excluded from this figure due
to the difficulty of deconvolving them with sufficient accuracy.
charge collection noise was expected to have its highest contribution.
Hence, it was concluded that the 6 μm thick i layer detectors exhibited
<26 e− rms (217 μm diameter) and <40 e− rms (409 μm diameter)
incomplete charge collection noise, whilst the previously reported 2 μm
thick Al0.52In0.48P detectors exhibited 36 e
− rms (200 μm diameter) [4]
and >60 e− rms (400 μm diameter) of incomplete charge collection
noise.
In summary, the thickest (6 μm i layer) Al0.52In0.48P X-ray photo-
diodes so far reported have been produced. Unlike previous thinner
(2 μm i layer) Al0.52In0.48P detectors, the thicker devices do not suffer
from incomplete charge collection noise at detectable levels within the
energy range investigated. Better energy resolutions were also achieved
with the new detectors compared with the original devices; this was
attributed to the absence of detectable incomplete charge collection
noise and a reduction in electronic noise due to the lower capacitance
of the new devices. These results are important for the development of
new X-ray detectors because they demonstrate that incomplete charge
collection noise is not an inherent feature of Al0.52In0.48P; as such, the
material is a highly promising candidate for future X-ray spectrometers.
It may be possible in future to make additional measurements of the
charge collection efficiency (potentially with a precision better than
0.1%) by obtaining X-ray spectra as a function of detector internal
electric field and application of the Hecht equation [27]. This will
be explored and reported as part of future work on these emerging
Al0.52In0.48P X-ray detectors.
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